Results
Results are presented in five sections. In the first, gene expression in the fetal cat LGN was monitored following a 10 day intracranial minipump infusion of TTX. This treatment (E42-E52; gestation is 65 days) prevents retinal ganglion cell axons from the two eyes from segregating into eye-specific layers Sretavan et al., 1988) . Known genes, as well as clones derived by differential mRNA display analysis, were examined. These experiments illustrate that class I MHC mRNAs are regulated by neural activity in the developing LGN. In the second section, the spatiotemporal expression pattern of class I MHC mRNA is examined during cat visual system development, and we investigate whether class I MHC can be locally regulated within appropriate LGN layers following postnatal monocular blockade of visual activity. In the third section, CNS expression of CD3, a receptor component for class I MHC in immune system function, is described. In the fourth section, we demonstrate that class I MHC, ␤2-microglobulin, and CD3 mRNAs, as well as class I MHC immunoreactivity, are present in neurons in the CNS. Finally, a kainic acid-induced seizure paradigm is used to determine the effect of increased neural activity upon class I MHC mRNA expression in the mature rodent CNS.
Screen for Genes Regulated by Endogenous Neural Activity: Known Genes
During the activity-dependent synaptic remodeling that results in eye-specific layers in the LGN, retinogeniculate synapses can undergo sustained increases in (Mooney et al., 1993) . We initially hypothesized that For multiplex dot blot analyses, duplicate filters were probed with genes encoding synaptic proteins or genes already radiolabeled first-strand cDNA probes derived by using total RNA known to be regulated by neuronal activity in the adult from either 10 day vehicle-(CIT) or TTX-treated (TTX) E52 cat LGN. hippocampus might be similarly regulated by endoge-(A) Known genes. Dot blots contained gel-purified inserts from a nous action potential activity during visual system develseries of previously cloned cDNAs (see Experimental Procedures). The RZR␤ clone (coordinate B7) serves as a negative control. Grid opment. Radiolabeled first-strand cDNA probes were coordinates correspond to the following cDNAs. A1-A8: nAChR ␣2, prepared by using total RNA from TTX-or control vehinAChR ␣3, nAChR ␣7, nAChR ␤2, rabphilin-3A, agrin, n-sec1, and cle-treated E52 LGNs. These probes were hybridized to synaptotagmin 1; B1-B8: syntaxin 1a, syntaxin 1b, VAMP1, VAMP2, duplicate dot blots prepared with a panel of known RZR␤, and Egr3; GluR1, GluR2,  cDNAs encoding synaptic vesicle proteins (e.g., SNAPGluR3, GluR5, GluR6, GluR7, and NMDAR1-1a; D1-D8: NMDAR2A, 25, syntaxin 1a, and rabphilin-3A), neurotransmitter-NMDAR2B, NMDAR2C, NMDAR2D, KA1, KA2, GluR ␦1, and GluR ␦2. gated ion channel subunits (e.g., for nicotinic and glutaClone C153 is at coordinate H-4 (arrowheads); coordinate E-1 conmatergic receptors), and transcription factors (e.g., tains a vector-derived PCR product as a negative control.
zif268; see Figure 1 for entire list). This multiplex dot blot method of gene expression-monitoring is a sensitive assay that requires only small amounts of RNA (see appears that the mRNAs selected here, although detectable by using this analysis, are not regulated signifiExperimental Procedures) and is therefore an ideal means of assaying the expression of multiple genes cantly by the endogenous activity present within the retina and LGN during the period of eye-specific layer simultaneously.
While a number of these genes are clearly expressed formation. at high levels in the LGN at this early period of development (e.g., syntaxin 1a [B1], , NMDAR2D Screen for Genes Regulated by Endogenous Neural Activity: Differential mRNA Display [D4]; Figure 1A ), little if any change in expression could be detected in any of these genes following 10 days of To identify any genes, known or novel, whose level of expression is altered by activity blockade, RNA from action potential blockade. Although the multiplex dot blot technique does not allow optimization for each indicontrol or TTX-treated LGNs was analyzed by differential mRNA display (Liang and Pardee, 1992) . Secondary vidual known gene, signal was nevertheless detected for most of the clones (except for GluR2 [C3] and RZR␤ screening of the resulting cDNA clones by dot blot analysis identified a 128 nucleotide candidate, C153, whose [B7], which were not detected by this assay). It therefore expression is significantly higher in control than in TTXtreated LGNs (clone H-4; Figure 1B ). Moreover, in situ hybridization on sections of E52 brains confirmed that C153 mRNA is highly expressed in the LGN and is significantly downregulated by activity blockade (n ϭ 10 animals, 2 citrate/TTX and 3 unmanipulated/TTX pair comparisons; Figure 2B ).
The sequence of C153 is identical to a portion of the 3Ј untranslated region of a previously cloned class I MHC cDNA, feline leukocyte antigen X10 (FLAX10; Yuhki and O'Brien, 1994) . To verify that C153 expression indeed reflects that of class I MHC, two additional nonoverlapping class I MHC cDNA clones, A1-2 and A2-3 (Figure 2A ), were hybridized to TTX-treated or control E52 brain sections ( Figure 2B ). The pattern of hybridization for all three clones is essentially identical; high levels of expression are present in the LGN, in other selected regions of the posterior-dorsal thalamus (e.g., medial geniculate nucleus [MGN] ), and in the ventricular zone of the developing telencephalon. Moreover, expression as detected by all three probes is significantly diminished in the LGN following TTX treatment between E42 and E52. This TTX-mediated reduction in expression occurs also in other regions of the thalamus (e.g., MGN), as might be expected, since the TTX is delivered intraventricularly (see Experimental Procedures) and should block all sodium-dependent action potentials. These observations demonstrate that class I MHC mRNA is normally expressed in the developing LGN, and that it can be regulated in vivo in multiple areas of the thalamus by endogenously generated action potential activity.
Since class I MHC molecules are encoded by a large and highly homologous gene family (20-30 genes in cat; Yuhki and O'Brien, 1988) , the dot blot and in situ hybridization signals may reflect expression of more than one class I MHC gene. To determine quantitatively the de- control experiments using in vitro transcribed sense The feline class I MHC cDNAs that have been cloned RNAs ( Figure 3B ). Both TM-A and TM-BX probes yield to date fall into three subclasses: FLA-A, FLA-B, and specific signal in the LGN ( Figure 3C ) and in other re-FLA-X. Subclass assignments are based upon comparigions of the brain (e.g., the E52 visual cortex and retina; sons of transmembrane and cytoplasmic domain sedata not shown). In addition, the majority of littermate quences O'Brien, 1990, 1994) . Riboprobes were designed to detect specifically either the FLA-A comparisons for either of these probes exhibited lower circuitry in the mammalian CNS (Sherman and Spear, 1982; Katz and Shatz, 1996) . We therefore sought to determine whether the spatiotemporal expression of class I MHC mRNA coincides with known periods of developmental synaptic plasticity in the LGN and primary visual cortex. In situ hybridization was carried out on a series of sections at ages bracketing the development of eye-specific layers in the LGN and ocular dominance columns in the primary visual cortex. As illustrated in Figure 4 , class I MHC mRNA expression is dynamically regulated during development and is correlated with times and regions of synaptic plasticity. Within the LGN, modest signal was detected before the onset of eye-specific layer formation (E43). mRNA levels are high during the formation of eye-specific layers (E52: layers form from E45-E62; Shatz, 1983) , reach a maximum by postnatal day 10 (P10), and decline thereafter to lower but still detectable levels ( Figure 4A ). Class I MHC is also expressed in the primary visual cortex ( Figure 4B ). Prenatally, there are very high levels in the ventricular zone (E43-P0; Figure 4B ), which contains progenitor cells undergoing mitosis and disappears by about P0 (Luskin and Shatz, 1985) . In the cortical plate, levels are low prenatally, rise significantly during ocular dominance column formation (P40: columns form from P20-P60; LeVay et al., 1978) , and are maintained at P91 in a striking band in layer 4 of the primary visual cortex.
Not every retinorecipient structure expresses class I MHC. For example, little if any signal could be detected in the superior colliculus at any age examined ( Figure  4A Figure 4A ) and is maintained at right of each panel. Undigested riboprobes run more slowly than relatively high levels at all subsequent ages examined protected species, owing to the presence of vector polylinker sequences that are removed upon RNase digestion.
(P91; Figure 4A ). Therefore, class I MHC mRNA expres- In the cat visual system, there is a critical postnatal developmental period (P20-P60) when the connections representing each eye within layer 4 of the visual cortex signal in TTX-treated than in control LGN ( Figure 3C ). These results demonstrate that different subclasses of are acutely susceptible to the effects of an imbalance in visual input; monocular eye suture during this time class I MHC genes are expressed in the developing brain and suggest that more than one subclass can be results in a loss of inputs to the cortex from the deprived eye (Hubel and Wiesel, 1970 ; Blakemore and Van Sluydownregulated by activity blockade.
ters, 1974). This critical period occurs during and just after the time when LGN axons representing each eye Developmental Expression of Class I MHC mRNA in the Feline CNS segregate into cortical ocular dominance columns (LeVay et al., 1978) and during the final phases of retinal ganThe cat visual system has served as a classic model for studying activity-dependent development of synaptic glion cell axon remodeling (according to X-and Y-cell type) within the LGN after eye-specific layer formation (Sur et al., 1984) . Therefore, we asked whether class I MHC mRNA in the LGN could be regulated by blockade of visually driven activity at these older ages. TTX was injected monocularly from P38-P48; the expression of class I MHC mRNA was then examined by in situ hybridization on sections containing the LGN ipsilateral to the blocked eye. As shown in Figure 5A , 10 days of monocular blockade specifically reduces class I MHC mRNA in the LGN layers that normally receive input from the blocked eye (e.g., layer A1), while expression levels in the layers receiving input from the unblocked eye (e.g., layer A) remain high. (Complementary results are obtained in the LGN contralateral to the eye injection; data not shown.) It should be noted that monocular blockade at this time in development results in a well-character- cortical neurons (Guillery 1972 (Guillery , 1973  Figure 5B regulated by activity within an eye-specific layer. LGN layers also includes white matter of the thalamocortical radiations (TR). Medial is right; dorsal is up.
CD3, a Class I MHC Receptor Component, further motivated to examine whether CD3 is present in the developing CNS and expressed by neurons. The Is Expressed in the CNS The patterns of expression and regulation by activity of feline homolog of CD3 was cloned, and high levels of CD3 mRNA were found in the LGN both prenatally and class I MHC in the developing CNS suggest that neurons may use this family of molecules in a novel way to transpostnatally ( Figure 6 ). At E52, CD3 mRNA is expressed in the LGN and other nuclei of the dorsal thalamus. mit developmental signals. One prediction that arises from this hypothesis is that class I MHC receptors are However, unlike class I MHC, CD3 is not regulated by blockade of action potentials with TTX between E42 and also expressed in the CNS. In the immune system, cytotoxic T lymphocytes recognize class I MHC (in associa-E52 ( Figure 6A ). At P40 and P91, CD3 mRNA expression is readily evident in the LGN ( Figure 6B ; in fact, CD3 tion with specific peptide antigens) via the T cell receptor complex (TCR), in conjunction with CD8 (Weiss and Littexpression is relatively high throughout the thalamus).
In the hippocampus, a modest but detectable level of man, 1994). This complex includes an ␣␤ or ␥␦ T cell receptor heterodimer, invariant CD3 chains (␥, ␦, ⑀), and CD3 mRNA is also evident. These observations indicate that CD3 is present in the developing CNS and could a subunit known as zeta (, or CD3; reviewed by Chan et al., 1994) . CD3, in particular, is thought to play a key participate in signal transduction via class I MHC (see Discussion). role in initiating signal transduction events that lead to changes in the activity of intracellular protein tyrosine kinases, such as Lck and Fyn (Chan et al., 1994) . CD3 has also been shown to be associated with other recepExpression of Class I MHC mRNA and Protein in Neurons tors that recognize class I MHC, such as the p58 family of killer inhibitory receptors (KIRs) expressed on natural It was somewhat surprising to observe class I MHC and CD3 mRNA in the mammalian CNS, particularly killer cells of the immune system (Bottino et al., 1994) .
Because CD3 is a subunit common to a variety of because of the prevalent view that class I antigens are not normally expressed by CNS neurons in vivo (Lampclass I MHC-recognizing receptors, it is a good candidate to examine here in the context of neuronal developson, 1987, 1995) , and because neuronal expression of CD3 has not been previously reported. Therefore, it ment. Furthermore, upon TCR activation, CD3 is phosphorylated by the src tyrosine kinase Fyn (Chan et al., was important to determine whether these molecules are expressed in neurons. In addition, a model in which 1994). Since Fyn has also been implicated in hippocampal LTP (Grant et al., 1992; Kojima et al., 1997), we were class I MHC functions in neuronal interactions via a receptor complex containing CD3 would require exprotein: OX-18 and F16-4-4. In contrast to the very broad spectrum recognition of the riboprobe described pression of these genes in the appropriate neurons. We also examined if mRNA encoding the class I MHCabove, OX-18 and F16-4-4 are thought to recognize more restricted subsets of class I MHC antigens (Spenassociated subunit ␤2-microglobulin (␤2-m) is present, since ␤2-m is required for functional cell surface exprescer and Fabre, 1987b). Class I MHC immunoreactivity is specifically detected by OX-18 and F16-4-4 in the sion of many class I MHC molecules (Arce-Gomez et al., 1978; Ploegh et al., 1979 ; for exceptions, see Potter primary somatosensory cortex by immunohistochemistry ( Figures 8A and 8C) . Moreover, the distribution of et Allen et al., 1986) . Inspection under high magnification demonstrates that many neurons in the staining on tissue sections is very similar to that observed for class I MHC mRNA ( Figure 8A ). The morpholphotomicrographs, including LGN neurons (Figures 7B and 7F) , layer 4 neurons in the primary visual cortex ogy of many of the immunostained cells is clearly neuronal in character; apical and basal dendrites of many ( Figures 7C and 7G) , and hippocampal pyramidal neurons ( Figures 7D and 7H ) have numerous associated pyramidal neurons are stained ( Figure 8C ). Immunoblot analysis of membrane preparations from rat primary sosilver grains when hybridized with class I MHC or a ␤2-m probe. In addition, CD3 is also expressed in neurons matosensory cortex confirms that OX-18 recognizes a major band of a size expected for class I MHC ( Figure  of the LGN (Figure 7J ). Thus, neurons can express both the ligand and a component of a receptor mediating 8B). Immunoreactivity is also present in the hippocampus, again with a distribution similar to that of class I class I MHC signaling.
To address directly whether class I MHC protein is mRNA ( Figure 8D ). These findings indicate that class I MHC mRNA and protein are normally present in specific present in neurons, an immunohistochemical approach was taken. Because well-characterized anti-cat class I subsets of neurons in the CNS. Together with the observation that ␤2-m mRNA is also present (Figures 7 and MHC antibodies are not available, protein expression was examined in the rat. In particular, we focused on the 9), the results strongly suggest that class I MHC molecules are on the neuronal cell surface, where they could hippocampus and the primary somatosensory cortex (which, like the visual cortex in cat, contains highly patfunction to transduce signals within the mammalian CNS. terned sensory thalamic inputs). First, we verified that class I MHC mRNA is present in the normal rat CNS. A Regulation of Class I MHC by Kainate-Induced Seizures cDNA probe was generated that contains sequences highly conserved among known rat class I genes; conseThe finding that class I MHC mRNA is present at high levels in the hippocampus, a structure known to exhibit quently, this probe is capable of detecting a wide variety of rodent class I MHC mRNAs. In situ hybridization on activity-dependent synaptic plasticity, leads to the question of whether changes in neural activity can regulate rat sections confirmed that class I mRNA is indeed expressed by neurons in the primary somatosensory corclass I mRNA expression not only in the LGN during development but also in mature hippocampal neurons. tex ( Figures 8A and 8C) , as well as in the hippocampus ( Figure 8D ). Therefore, as in cat, class I mRNA is present
We used a manipulation, kainic acid-induced seizures, known to increase dramatically the activity of adult hipin subsets of CNS neurons in rat.
To establish whether class I MHC mRNA in CNS neupocampal and cortical neurons. Seizures increase the expression of a number of genes, including growth facrons is translated into detectable protein, we used two monoclonal antibodies known to recognize class I MHC tors and proteins associated with the synapse (Gall et al. Zafra et al., 1990; Isackson et al., 1991 ; Dugichexperiments demonstrate that class I MHC, in addition to being regulated by natural levels of activity in the Djordjevic et al., 1992; Nedivi et al., 1993; Yamagata et al., 1994a; Brakeman et al., 1997) .
visual system, can also be upregulated significantly by seizure-induced increases in neural activity both in the Nine hours after a single subcutaneous injection of kainic acid, class I MHC mRNA expression was inhippocampus and in superficial layers of neocortex in the adult. creased dramatically in the dentate gyrus of the hippocampus. This increase in expression occurs within the granule neurons of the dentate gyrus. Class I MHC exDiscussion pression was also elevated in the superficial layers in broad areas of the neocortex (Figure 9 ).
The electrical activity of neurons plays a critical role in the development of appropriate synaptic connectivity Because there are examples of coregulation of class I MHC and ␤2-m mRNAs in cultured neurons (e.g., in both in sensory systems and at the neuromuscular junction (Goodman and Shatz, 1993; Hall and Sanes, 1993 ; response to interferon ␥ (IFN ␥); Joly and Oldstone, 1992; Neumann et al., 1995), we examined whether ␤2-m Forrest et al., 1994; Li et al., 1994; Kutsuwada et al., 1996; Iwasato et al., 1997) . Moreover, it is widely proposed that mRNA also changed in the seizure paradigm. Nine hours following seizure, no changes were detected in ␤2-m molecular mechanisms underlying activity-dependent synaptic changes are conserved between developing mRNA (Figure 9 ), consistent with other observations in vitro in which the two genes can be independently reguand adult systems (Kandel and O'Dell, 1992; Bolshakov and Siegelbaum, 1995; Martin and Kandel, 1996) . To lated (e.g., Neumann et al. , 1997) . The results of these subunit mRNAs in the LGN, such as those encoding glutamate receptors, contrasts with the strong activitydependent regulation of nAChR subunit mRNAs in muscle (Hall and Sanes, 1993) . In addition, the immediate early mRNAs encoding zif268 and Egr3, which are regulated by activity in the hippocampus and visual system later in development (Worley et al., 1990; Yamagata et al., 1994a) , appear not to be regulated by endogenous activity in the prenatal LGN, although we cannot preclude a modest level of regulation, owing to the somewhat low levels of the mRNAs detected. In addition, our experiments do not address whether these genes are regulated by mechanisms that are independent of mRNA abundance. Finally, since our initial intent was to focus upon genes downstream of immediate-early events, our screens utilized an extended (10 day) action potential blockade. Such a long-term blockade, carried out in activity, in spite of the fact that both ganglion cells and LGN neurons are driven to fire bursts of action potentials test this hypothesis and to identify molecules required by the spontaneously generated retinal waves during for activity-dependent synaptic rearrangements during this developmental period (Mooney et al., 1996) . These development of the visual system, we have screened invariant gene expression patterns are consistent with for genes that are (1) expressed in the developing LGN previous observations that many other aspects of LGN during eye-specific layer formation and (2) regulated by development appear normal during TTX treatment (Shatz spontaneously occurring action potentials in the retino- Sretavan et al., 1988; Dalva et al., geniculate pathway. Surprisingly, class I MHC was iden-1994) . The results imply that many aspects of initial tified in this screen, and we have discovered that class synapse formation in the LGN that require expression I mRNA and immunoreactivity are present normally in of the synaptic components examined here are activity subsets of neurons in vivo. In addition, ␤2-microglobulin, independent, consistent with the idea that it is the prea cosubunit of class I MHC, and CD3, a component of cise placement of synapses, rather than synapse formaa receptor complex for class I MHC, are also expressed tion per se, that requires neural activity (reviewed by by CNS neurons. Class I MHC mRNA levels can be Goodman and Shatz, 1993; Katz and Shatz, 1996) . downregulated by blockade of spontaneously evoked or visually driven activity in prenatal and postnatal LGN and also upregulated by seizures in the mature hippoDegree of Regulation of Class I MHC by Electrical Activity campus. Moreover, class I MHC mRNA levels are dynamically regulated during development both in the viClass I MHC was identified here based on a screen that detected regulation of mRNA levels by the blockade of sual system and in the hippocampus. Based on these results, we hypothesize a function for class I MHC in neural activity during development. Can the 1.5-fold level of regulation observed (Figure 3 ) have functional neuronal signaling and activity-dependent synaptic plasticity in the brain both during development and in the significance? Many precedents exist for the modulation of synaptic plasticity by cell surface molecules whose adult.
precise levels are critical for proper function. In Drosophila, proper levels of the Vol gene (which encodes Expression of Many Synapse-Related Genes in the Prenatal LGN Is Activity Independent an ␣ integrin subunit expressed in mushroom bodies) are critical for learning, since the reduction of Vol gene Following a 10 day period of action potential blockade that prevents the structural remodeling of retinal gandosage by as little as 25% is sufficient to cause deficits in short-term memory acquisition (Groteweil et al., 1998) . glion cell axons into eye-specific layers in the LGN, there was little if any change in the mRNA levels for 32 known In addition, it has been demonstrated directly, in studies of synapse formation at the Drosophila neuromuscular genes (Figure 1 ), even among those previously shown to be regulated by activity in the adult. For example, the junction, that small differences in presynaptically expressed levels of Fasciclin II can result in substantial lack of activity regulation of ligand-gated ion channel changes in synaptic architecture and physiology (Davis dissociated and placed in culture, class I MHC mRNA and protein can be induced by the addition of IFN ␥ and et al., 1996; Schuster et al., 1996a Schuster et al., , 1996b . Furthermore, modest changes in the amount and pattern of action by electrically silencing the neurons with TTX. Because class I MHC expression by neurons in this model is potential activity can cause correspondingly moderate changes ‫)%05-%03ف(‬ in the amount of L1 and N-cadviewed as pathological and injury induced, a role has been hypothesized for class I in immune surveillance herin protein expression by cultured dorsal root ganglion neurons; these changes in expression have been impliof functionally impaired neurons; inactive neurons are proposed to be targeted for removal by cells of the cated in alterations in cell adhesion and neurite fasciculation (Itoh et al., 1997) . In this context, it is not surprising immune system as a result of class I cell surface expression (Neumann et al., 1995 (Neumann et al., , 1997 . that we observed modest changes in class I MHC message, since our screen in the visual system simply inIn contrast, the results of our study imply a role for class I MHC in the normal functioning of neurons and volved the removal of normal activity levels, which are rather modest and consist of brief bursts of action pomotivate a fresh look at class I MHC in neural-immune interactions. Contrary to results in vitro, one of the major tentials ‫04ف(‬ Hz, lasting a few seconds) that occur at intervals of 1-2 min (Meister et al., 1991; findings of this study is that activity blockade with TTX decreases (rather than increases) class I expression in 1996). Therefore, the degree of modulation of class I expression seen in our study is entirely consistent with the LGN, while increasing activity with kainic acid leads to an increase in class I expression in hippocampus. the proposal that class I MHC functions to mediate structural changes at synapses.
These observations have several important implications for the functional significance of class I MHC expression by neurons in vivo. First, class I mRNA levels can be Class I MHC Expression in Neurons viewed as a measure or readout of the level of activity The brain is considered an immunoprivileged structure of neurons. Second, neurons that are damaged or otherin which normal immune functions appear to be rewise removed from functioning circuits would be exstricted or attenuated (Lampson, 1987) . Our finding of pected to express lower levels of class I than normal, class I MHC mRNA and protein in normal neurons conand this could have an important adaptive value in protrasts with a large majority of studies indicating that tecting (rather than targeting) injured neurons from imthere is little or no class I MHC expression by CNS mune destruction. Third, the fact that class I is normally neurons in vivo (Lampson, 1995) . Several considerations expressed by selected sets of neurons in the adult brain account for our novel observations and reconcile the implies that these neurons may become unfortunate results with previous reports: (1) class I MHC is extargets for destruction by cells of the immune system pressed only in specific subsets of neurons at specific in instances where the blood-brain barrier has been times in the developing and mature CNS, (2) class I MHC compromised, as in paraneoplastic neurologic disorprotein may be present in neurons at considerably lower ders (Darnell, 1996) . Finally, class I MHC may contribute levels than in cell types in other areas of the body, to progressive damage of hippocampal neurons that and (3) we used highly sensitive diaminobenzidine (DAB) occurs with chronic epilepsy (reviewed by Wasterlain immunostaining techniques that were not used in many and Shirasaka, 1994; Bittigau and Ikonomidou, 1997) . of the previous studies. Moreover, a few previous reAs demonstrated here, seizures can increase class I ports do document neuronal class I MHC expression in MHC mRNA expression, which in turn may make exthe intact brain (e.g., Gervais, 1968 Gervais, , 1970 Wong et al., pressing neurons progressively more susceptible to de-1984) . In the original characterization of the OX-18 antistruction by invading cells of the immune system. Albody, a small but significant amount of immunoreactivity though these ideas are at present hypothetical, our was reported in the adult rat brain (Fukumoto et al., findings provide a basis for future experiments to reeval-1982). Class I MHC expression in the CNS has been uate the role of class I MHC in neural-immune patholobserved in the context of expression in nonneuronal ogies. cells both normally (e.g., white matter in Figure 8A ; Xu and Ling, 1994) and in response to CNS insult (Streit et al., 1989; Yee et al., 1990; Rao and Lund, 1993; Lampson, A Model for Neuronal Class I MHC Function 1995). Since injury-induced glial class I MHC expression in Synaptic Plasticity may be much higher than normal levels of neuronal ex-
The time course and pattern of expression of class I pression, it is quite likely that neuronal MHC immunore-MHC overlap strikingly with times and regions of known activity escaped detection. Because of these considerasynaptic remodeling and plasticity. The peak period of tions, it is not surprising that a role for class I MHC expression of class I MHC mRNA in the LGN coincides in normal neural development or adult CNS synaptic with the period of most extensive retinal ganglion cell function has not been considered previously.
axon arbor growth and remodeling (Sretavan and Shatz, 1986a) : during the prenatal formation of the eye-specific layers (Shatz, 1983; Sretavan and Shatz, 1986b) and Neuronal Class I MHC in Immunosurveillance and Pathology of the CNS during the early postnatal period when ON and OFF center retinal ganglion cell axons are known to be susPrevious studies have shown that cell surface class I MHC protein can be induced on dissociated neurons ceptible to activity blockade (Dubin et al., 1986) . Following this period, there is ongoing but modest remodeling maintained in vitro (e.g., Wong et al., 1984; Kaltschmidt et al., 1995) . Notably, when embryonic hippocampal of X and Y retinal ganglion cell axon arbors (Sur et al., 1984) ; during this time, class I MHC expression persists, neurons that do not normally express class I MHC are but at much lower levels. Similarly, class I MHC expresmice expressing class I MHC driven by a neuron-specific promoter suggest that neurons have the capacity to sion in layer 4 neurons of the visual cortex increases progressively during the period in which their presynappresent class I MHC-associated peptide signals to a responsive target cell in vivo (Rall et al., 1995) . Moreover, tic inputs, the LGN axons corresponding to inputs from the two eyes, segregate from each other to form ocular it is worth noting that upon T cell activation, CD3 is phosphorylated by Fyn, a tyrosine kinase that has been dominance columns in layer 4 (LeVay et al., 1978; Katz and Shatz, 1996) . Thus, in both the retinogeniculate and shown to be required for NCAM-dependent neurite outgrowth in vitro (Beggs et al., 1994) and which is impligeniculocortical pathways, class I MHC is expressed at high levels in neurons that are situated postsynaptic to cated in certain forms of hippocampal LTP (Grant et al., 1992; Kojima et al., 1997) . axons in the final stages of activity-dependent synaptic remodeling and terminal arbor stabilization. Finally, Together with previous studies, the results reported here implicate members of the Ig superfamily as strong class I MHC is expressed at low levels in the prenatal hippocampus but is subsequently expressed at high candidates for mediating synaptic change. Besides Fasciclin II and L1 (discussed above), ApCAM has also been levels in the mature hippocampal neurons, where adult forms of activity-dependent plasticity, such as longidentified in the context of long-term synaptic plasticity in Aplysia (Mayford et al., 1992) . Moreover, studies have term potentiation (LTP) and long-term depression (LTD), are known to be present (Malenka, 1994; Crair and Ma- demonstrated that blocking or altering the function of adhesion molecules, such as NCAM and L1, can inhibit lenka, 1995; Kirkwood and Bear, 1995) .
Previous studies have shown that the blockade of hippocampal LTP (Lü thi et al., 1994; Muller et al., 1996) or alter the normal formation of motor nerve branches action potential activity with TTX or synaptic transmission with NMDA receptor blockers prevents the normal (Landmesser et al., 1990; Tang et al., 1992 ; reviewed by Martin and Kandel, 1996) . Class I MHC may represent process whereby appropriate connections are selected and stabilized and inappropriate ones are eliminated a special member of this group of Ig superfamily molecules important for activity-dependent structural re- (Schmidt and Edwards, 1983; Sretavan et al., 1988; Cline and Constantine-Paton, 1990; Cline, 1991) . While we modeling and synapse stabilization. In the future, it will be essential to identify the signal cascades and cycannot at present account for all aspects of the expression patterns observed, the current results for class I toskeletal consequences that result from neuronal class I MHC-mediated interactions in the CNS and also to MHC are most consistent with a postsynaptic role for class I in stabilizing appropriate synaptic contacts. Such learn whether the tremendous diversity among class I MHC molecules participates in generating and maina role (as a kind of "synaptic glue") would explain why prenatal activity blockade in the LGN prevents the nortaining precise neuronal connectivity. mal process whereby eye-specific layers are formed Experimental Procedures Sretavan et al., 1988) . As a consequence of reduced class I MHC levels, axons
Animal Manipulations and Tissue Isolation
would continue to grow branches nonselectively, owing All surgical procedures were approved by the University of Califorto an inability to form stable synapses. In this context, nia, Berkeley Animal Care and Use Committee. Cesarian sections activity regulation of class I MHC would play an imporon timed-pregnant cats were performed under general anesthesia (isoflurane) using aseptic technique (Shatz, 1983) . Fetuses were tant role in modulating this synapse-stabilizing process.
implanted with an osmotic minipump (Alza 2002, 0.5 l/hr) at E42
Obviously, it will be essential to demonstrate that class Campbell et al., 1997) . Minipumps con-I MHC protein is located at synaptic sites for this model tained either vehicle alone (1.9 mM sodium citrate in 0.9% sodium to be tenable. peptide dependent, since experiments using transgenic 1992) that compared TTX-and citrate-treated E52 cat LGN total was synthesized from P81 Long-Evans rat spleen. The PCR primers used for amplification of cat sequences were as follows: for A1-2, RNA by using RNAmap and RNAImage kits (Genhunter). Ninety-six primer pairs were used to generate ninety reproducible differential 5Ј-CAGTT CGTGC GGTTC GAC-3Ј and 5Ј-ACTTG CGGCC TGTGA TCT-3Ј; for A2-3, 5Ј-CTCGC CAAAT ACCTG GACAT-3Ј and 5Ј-GCACA bands from duplicate or triplicate comparisons; these were reamplified and cloned into pCRII (Invitrogen).
TGGCA CGTGT ATCTC-3Ј; for TM-A and TM-BX, 5Ј-GGAGA GGAGC AGAGA TACAC G-3Ј and 5Ј-CTTCT TCCTC CAGAT CACAG C-3Ј; for ␤2-m, 5Ј-TTTCA GCAAG GACTG GTCT-3Ј and 5Ј-TGTCT CGATC Multiplex Dot Blot Analysis of Known Genes CCACT TAACT A-3Ј; for GAPDH, 5Ј-AATGA CCCCT TCATT GACCT and Differential Display Clones C-3Ј and 5Ј-GTGAT GGCAT GGACT GTGG-3Ј; and for CD3, Known cDNA clones used for multiplex dot blot analysis were gener-5Ј-CTGGA TGGRA TCCTC TTCAT CT-3Ј and 5Ј-CTGTT AGCGA ous gifts from a number of laboratories. References are as follows:
GGGGG CAG-3Ј. Feline class I MHC probe coordinates are denAChR ␣2 ), nAChR ␣3 (Boulter et al., 1986 , nAChR scribed in Figure 2A . The TM-A and TM-BX clones differ by eight ␣7 (Seguela et al., 1993) , nAChR ␤2 , GluR1 nucleotides in 171 bases O'Brien, 1990, 1994) . The ␤2-m (Hollmann et al., 1990), GluR2 and GluR3 (Boulter et al., 1990 ), GluR5 clone is 79% identical (260 of 331 nucleotides) to residues 30-360 (Bettler et al., 1990) , GluR6 (Egebjerg et al., 1991) , GluR7 (Bettler et of GenBank entry X69083 (equine ␤2-m). Primers used for amplificaal., 1992), NMDAR1-1a (Hollmann et al., 1993) , NMDAR2A (Monyer tion of rat sequences were identical to those previously published et al., 1992), NMDAR2B (Monyer et al., 1992) , NMDAR2C (GenBank (Neumann et al., 1995) . PCR products were sized, cloned into pCRII accession number U08259), NMDAR2D (GenBank accession num-(Invitrogen) or pBluescriptII (Stratagene), and partially sequenced ber U08260), KA1 (GenBank accession number U08257), KA2 (Gento verify their identity. Bank accession number U08258), GluR ␦1 (GenBank accession number U08255), GluR ␦2 (GenBank accession number U08256),
In Situ Hybridization rabphilin-3A (Shirataki et al., 1993) , agrin (Campanelli et al., 1991) ,
In situ hybridization was performed as described (Simmons et al., n-Sec1 (Pevsner et al., 1994) , synaptotagmin 1 (Perin et al., 1990 (Perin et al., ), 1989 . Cryostat sections (12 m) were cut, air dried, fixed for 30 min syntaxin 1a (Bennett et al., 1992) , syntaxin 1b (Bennett et al., 1992) , in sodium phosphate-buffered 4% paraformaldehyde, dehydrated VAMP1 (Elferink et al., 1989) , VAMP2 (Elferink et al., 1989) , SNAPwith ethanol, and stored at Ϫ80ЊC. Sections were thawed, perme-25 (Oyler et al., 1989) , GAP-43 (Basi et al., 1987) , RZR-␤ (Beckerabilized by proteinase K treatment, acetylated, dehydrated with ethAndre et al., 1993; M. Levin and S. McConnell, unpublished data), anol, and hybridized at 57ЊC for 12-15 hr with a riboprobe labeled Egr3 (Yamagata et al., 1994a) , and zif268 (Christy et al., 1988) . Furwith [␣-35 S]UTP (1250 Ci/mmol, New England Nuclear). The sections ther details regarding the clone fragments used are available on were then incubated with 50 g/ml RNase A for 30 min at 37ЊC and request.
washed with a series of SSC solutions; the highest stringency wash Gel-purified cDNA fragments were dot blotted in duplicate (100-was 0.1 ϫ SSC, 60ЊC for 30 min. After exposure to Kodak XAR-5 200 ng per dot) onto Hybond N nylon filters as recommended by film at room temperature, sections were coated with NTB-2 emulsion the manufacturer (Amersham). Each blot was prehybridized for 2-3 and developed after 1-3 weeks. For all samples, sense controls hr at 55ЊC (for known gene cDNAs) or 60ЊC (for differential display were run in parallel and found to yield only background levels of clones) in hybridization buffer (sodium phosphate [pH 7.2] [0.5 M silver grains. For comparisons of activity-manipulated and control Na ϩ ], 7% SDS, 5X Denhardts, 1 mM EDTA, and 100 g/ml sheared brains, sections were placed on the same slide and processed idensingle-stranded salmon sperm DNA). Hybridizations with radiolatically. For developmental studies, sections from all ages were probeled cDNA probes (10 7 cpm/ml; see below) were carried out in the cessed simultaneously. same buffer and temperature for 48 hr. Membranes were washed at this temperature in 40 mM sodium phosphate (pH 7.2), 5% SDS, 5 ϫ Denhardts, and 1 mM EDTA (3 ϫ 10 min), followed by 25 mM Ribonuclease Protection Analysis sodium phosphate (pH 7.2), 1% SDS, and 1 mM EDTA (2 ϫ 20 min).
Total RNA samples (0.2-0.3 g) were adjusted to 5 g with yeast Quantitation was carried out with a Molecular Dynamics PhostRNA and subjected to RNase protection analysis with [␣-32 ]UTPphorImager.
labeled riboprobes ‫5ف(‬ ϫ 10 6 dpm/g for GAPDH, 1 ϫ 10 9 dpm/g Complex cDNA probes were oligo dT-primed first-strand cDNA for all others) as described (Ausubel et al., 1992) , with the following synthesized from TTX or control vehicle-treated E52 LGN total RNA modifications. Hybridizations were in 25 l at 37ЊC overnight. RNase (3-5 g per 20 l reaction) by using a Superscript Preamplification digestion (18 g/ml RNase A) was in a total volume of 250 l as kit (Gibco-BRL). Reactions contained 100 Ci [␣-32 P]dCTP (3000 Ci/ follows: for C153, 1 hr at 15ЊC, using 225 l 50 mM Tris-HCl (pH mmol) and 120 pmol unlabeled dCTP, yielding specific activities of 7.5) and 500 mM NaCl; for TM-A and TM-BX, 45 min at 37ЊC (for ‫01ف‬ 9 dpm/g. TM-A) or 55ЊC (for TM-BX), using 10 mM Tris-HCl (pH 7.5), 300 mM This dot blot method was chosen to maximize the number of NaCl, and 5 mM EDTA. Subsequent processing steps were carried cDNA candidates screened using only small amounts of starting out as described (Ausubel et al., 1992) , with appropriately scaled tissue. Although economical, this technique has limitations, in that down volumes. Samples were run on 6% denaturing polyacrylamide each gene tested cannot be optimized for sensitivity. Nevertheless, gels. Quantitation was performed by PhosphorImager analysis. signal was detectable for almost all of the clones tested (Figure 1 ). Since many of the known cDNAs used in this study were nonfeline, Immunocytochemistry hybridization conditions were therefore selected to allow crossTwo independently derived monoclonal antibodies known to recogspecies hybridization. Northern blot analyses of a few selected nize overlapping subsets of rat class I MHC antigens were used known genes yielded results that were similar to those obtained by (Spencer and Fabre, 1987a): OX-18 (Fukumoto et al., 1982 ; Serotec dot blot analysis under these conditions. In addition, in reconstrucnumber MCA51G) and F16-4-4 (Hart and Fabre, 1981 ; Spencer and tion experiments, cDNA probes were synthesized from total cat Fabre, 1987b; Serotec number MCA94). After overdose by intraperibrain RNA that was spiked with varying amounts of a control poly(A)-toneal injection of sodium pentobarbital, rats of the indicated ages tailed bacterial RNA sequence (Gibco-BRL); using these probes, we were perfused transcardially with Ringers' solution, followed by determined that this dot blot analysis was capable of specifically freshly prepared periodate-lysine-paraformaldehyde fixative (McLean detecting target transcripts when present at 0.00001% of total RNA. and Nakane, 1974; Xu and Ling, 1994) . Brains were dissected and postfixed in the same fixative for 2 hr at room temperature and then cryoprotected with 10% sucrose in PBS (0.1 M sodium phosphate PCR Cloning The cloning of feline class I MHC probes (A1-2, A2-3, TM-A, TMbuffer, 0.9% NaCl [pH 7.4]) overnight at 4ЊC. Coronal sections were cut at 40 m with a freezing microtome, washed in PBS, blocked BX), feline ␤2-m, feline glyceraldehyde-3-phosphate dehydrogenase (GAPDH), feline CD3, rat class I MHC, and rat ␤2-m was in PBS containing 10% horse serum (Gibco-BRL) and 5% rat serum, and incubated overnight at room temperature in PBS containing carried out by PCR, using oligo dT-primed cDNA generated with the Superscript Preamplification kit (Gibco-BRL). For feline clones, 10 g/ml primary antibody. The following morning, sections were washed in blocking solution (3 ϫ 10 min), incubated for 30 min cDNA was synthesized from cat E52 LGN total RNA (MHC probes) or adult cat spleen RNA (␤2-m, GAPDH, CD3). For rat clones, cDNA with biotinylated secondary antibody (Vector #BA-2001) at 5 g/ml,
